The effects of Quaternary climatic cycles were investigated in Drosophila serido, a Brazilian cactophilic fly widely distributed outside the Amazonian region. Previous studies have indicated this species displays remarkable karyotypic, male genitalia, and mtDNA variation, so much so that it has been described as a species complex, or superspecies. In the present study we expand the analysis of the mtDNA COI gene on D. serido populations, particularly in central Brazil, by obtaining DNA sequences from 248 individuals distributed across 47 localities. This allowed us to perform a nested clade analysis to discriminate historical from recurrent forces shaping the evolution of D. serido populations. The nested analysis indicates one event of past fragmentation separating populations from south and central Brazil (referred to as type B) from populations in central and northeast Brazil (type D) and 15 other significant events. The most common outcome of our analysis was contiguous range expansion and we discuss why this was expected in D. serido. Our data indicate that D. serido has been distributed across Brazil at least since the Mid-Pleistocene, which contradicts the hypothesis of current distribution being determined by last glaciation cycle. Nonetheless, we present evidence that climatic cycles during the Quaternary and before have had a significant impact on the differentiation of D. serido in Brazil. Our study confirms the usefulness of the nested clade analysis for disentangling the effects of historical and presentday forces shaping the evolution and distribution of a taxon.
INTRODUCTION
Although most authors agree that major climatic and vegetation shifts occurred in the past as a consequence of glacial cycles, the effects on speciation and current species distributions, particularly in South America, are more controversial (Mayr and O'Hara, 1986; Bush, 1994; Colinvaux et al., 1996; Burnham and Graham, 1999) . This controversy stems from the difficulty in assessing how much of the species differentiation can be attributed to historical factors, such as climatic shifts.
Our investigation focuses on Drosophila serido, a cactophilic fly of the buzzatii cluster, in the repleta group (Ruiz et al., 1982) . This species shows such a remarkable degree of karyotypic and male genital morphological variation (four distinct forms of aedeagus, A through D, are discernible) that it has been described as a "superspecies" (Tosi and Sene, 1989; Silva and Sene, 1991) . The aedeagus type A, associated with chromosomal inversion 2e 8 , is found in the "Caatinga" in eastern Brazil, and along the coast from northeast Brazil to Uruguay. Flies with the inversion 2e 8 , but aedeagus type B, are found in the western "Caatinga," in central Brazil (on mountain tops and high altitude rocky fields) and in the eastern border of the "Chaco" in Argentina and Bolivia. The type C aedeagus is also associated with chromosomal inversion 2e 8 , and is restricted to rocky fields above 1000 m mostly in northeast Brazil. Due to strong premating isolation to other D. serido it was described as a new species, D. seriema (Tidon-Sklorz and Sene, 1995a) . The type D aedeagus, associated with inversion 2x 7 is distributed in central and southern Brazil and northeastern Argentina, in isolated populations of cacti in subtropical prairies (in the south), or in tropical dry forests in the "Cerrado" formations of central Brazil. Each of these distinct forms is mostly, but not strictly, associated with a species of cactus (Sene et al., 1982; Manfrin et al., 2001) .
A recent analysis of the COI gene has indicated that mtDNA identifies two main clades in D. serido, which are associated with chromosomal inversions 2e 8 and 2x
7 (Manfrin et al., 2001) . Despite being found associated with different species of cacti, having different fixed chromosomal inversions and distinct aedeagus morphology, some individuals on the borders of abutting distributions present conflicting markers, indicating some level of hybridization and introgression (Manfrin et al., 2001) . Previous studies (Sene et al., 1982 (Sene et al., , 1988 Tidon-Sklors and Sene, 1995; Kuhn et al., 1996; Manfrin et al., 2001) have clarified some aspects of D. serido phylogeny and indicated how complicated the evolution of this species complex is.
In the present study, we investigate the evolution of D. serido (sensu latu) to determine the ecological and evolutionary forces shaping its distribution, particularly of types B and D in central Brazil. Because cacti have little tolerance for high soil moisture, they should be good indicators of areas that are reasonably dry, and are expected to have their distribution altered as the climate changed. We expect species of Drosophila associated with those cacti to have followed the expansions and contractions of dry areas in the palaeoenvironment, and their population structure to reflect such changes. Our ultimate goals are to determine (1) the processes involved in the evolution of D. serido in Brazil; (2) how colonization of central Brazil was achieved, a region with limited cactus availability; and (3) how much climatic cycles have been involved in the species' differentiation. In order to do so, we sampled 248 D. serido. A nested clade analysis (Templeton et al., 1995) of 638 nucleotides of the mtDNA COI gene was performed to distinguish historical from recurrent forces involved in the evolution of D. serido.
MATERIAL AND METHODS

Samples
Different populations were sampled from most of the geographical range of D. serido (Fig. 1) . Special emphasis was placed on central Brazil where a hybrid zone between populations with different fixed chromosome inversions has been detected (Manfrin et al., 2001) . Sampling was restricted to the 47 localities where cacti were observed (Table 1) . The sampling procedure followed Tidon-Sklors and Sene (1994) . Because D. serido females are difficult to distinguish from other species of the buzzatii cluster, only males were sequenced in the present study. After identification by analysis of aedeagus morphology, males trapped in the field were individually stored in 70% ethanol for DNA extraction. Females were used to establish isofemale lines from which males were used for DNA extraction. DNA extraction, PCR amplification, and sequencing were done as described in Manfrin et al. (2001) . DNA sequences variation was analyzed in PAUP* 4.0b4a (Swofford, 1998) after visual alignment. Cafarnaun-BA  41°20ЈS  11°30ЈW  6  84 85 86 87 88 89  3 Many Milagres-BA  31°53ЈS  12°51ЈW  2  82 83  7 Many Puerto Tirol-Arg  27°18ЈS  59°09ЈW  1  2  8 Many Ibotirama-BA  12°16ЈS  43°04ЈW  2  1 3  9 Many Petrolina-PE  9°23ЈS  40°32ЈW  1  4  10 Piloso Cardeal Mota-MG  19°18ЈS  43°35ЈW  1  5  11 Piloso Serra do Cipó-MG  19°17ЈS  43°35ЈW  1  6  12 Piloso Grao Mogol-MG  16°34ЈS  42°54ЈW  2  7 8  13 Many Mucugê-BA  13°00ЈS  41°22ЈW  4  9 10 11 12  14 Many Morro do Chapeu-BA  11°34ЈS  41°12ЈW  2  13 
Phylogenetic Analysis
The phylogenetic relationships of D. serido mtDNA haplotypes were inferred in PAUP* 4.0b4a using 100 random taxa additions and heuristic searches. Using this procedure we obtained more than 10,000 most parsimonious trees (MPTs). Because the parsimony method as implemented in PAUP*, and other phylogenetic programs, is not directed toward analysis of intraspecific data, we employed a methodology developed to deal with intraspecific phylogenies to create an unrooted haplotype network (Templeton et al., 1987 (Templeton et al., , 1988 (Templeton et al., , 1992 ). An empirical analysis of this methodology indicates it to be equally powerful to maximum parsimony bootstrapping, and in some cases better, particularly when there are few informative characters (Crandall and Templeton, 1993; Crandall, 1994) . This methodology reduced the number of MPTs to two, a consensus of which was used to generate the haplotype network used to design a nested clade analysis according to Templeton et al. (1995) . We used Appendix I in Templeton (1998) to interpret the significant results obtained (for details on how to set up a nested clade analysis, see Templeton et al., 1987 , Templeton, 1998 . Neutrality is one important assumption of the nested analysis, as well as of parsimony. We used the contingency test of selection to detect departures from neutrality (Templeton, 1996) which incorporates the knowledge of phylogenetic relationships.
Gene Flow Estimates
We contrasted two methods to estimate migration parameters between distinct regions, one based on F st values and the other based on coalescent theory (Kingman, 1982) . The former uses the parameter F st calculated in DnaSP ver 3.50 (Rozas and Rozas, 1999) to estimate the average gene flow between regions, Nm. This is done considering an island model and assuming migration-drift equilibrium (Hudson et al., 1992) .
We contrasted this traditional method with a recent method that allows for different migration rates between distinct populations of different sizes (Beerli and Felsenstein, 1999) . The method extends coalescent theory to include migration events (Hudson, 1990; Nath and Griffiths, 1996) and calculates maximum-likelihood estimates of theta and Nm for each population. Because it is not possible to calculate this likelihood precisely for all possible genealogies and migration scenarios, a Metropolis-Hastings Markov chain Monte Carlo approach (Kuhner et al., 1995) was used to generate an approximation of the likelihood function (Beerli and Felsenstein, 1999) using the program Migrate ver 0.7.0 (Beerli, 1997) . To certify that the genealogies which contribute the most to the likelihood surface are sampled, the method initially uses a number of short Markov chains in which the parameters are based on a few genealogies. These values are then used as priors for a small number of long chains which, when the number of chains is sufficient, should produce good estimates of the parameters. Only the results of the last Markov chain are used to compute the maximum-likelihood estimate of theta and Nm. To determine whether reliable estimates had been obtained, this process was repeated using the final theta and Nm estimates as priors. We considered that if the final results of this second run differed by more than 5% from the priors, we had sampled too few genealogies. In that case, we would increase the number of genealogies and repeat the same process.
For the population size of our study, consistent results were obtained after sampling 10 short chains with 250,000 genealogies sampled and 2500 recorded and three long chains with 2,500,000 genealogies sampled and 25,000 recorded, which amounted to 10 million sampled genealogies. Although this is considerably more than suggested by Beerli and Felsenstein (1999) , they point out that larger sample sizes require more genealogies to be sampled. Because the number of sampled genealogies needed is dependent on many factors besides sample size, it is of paramount importance to do this process at least twice (Beerli and Felsenstein, 1999) , and preferably more, to be certain of the estimated parameters.
RESULTS
A total of 248 individuals from 47 distinct populations were sequenced for 638 nucleotides in the 5Ј-end of mtDNA cytochrome oxidase I, homologous to positions 1594 through 2232 of Drosophila yakuba mtDNA. Though most of these individuals were directly collected in the field, some of our samples were composed of dried flies and lines previously collected. Sampling in northeast Brazil was done in previous years (Vilela et al., 1983; Silva and Sene, 1991; Kuhn et al., 1996; Manfrin et al., 2001) and only a few of these older lines were still available for analysis.
The gene COI is highly conserved, indicated by the reduced number of variable characters in the first and second positions and by the number of silent and replacement substitutions observed. Of the 88 polymorphic sites, 51 were phylogenetically informative, being, respectively, nine and three in first positions, two and zero in second positions, and 77 and 48 in third positions. Only four of the 88 variable characters exhibited replacement substitutions, all in the tips of the phylogenetic network, indicating that they are recent. The reduced number of replacement substitutions greatly decreases the power of the Templeton contingency test, which failed to reject the null hypothesis of neutrality (P ϭ 0.2491).
A Phylogenetic analysis of the COI data corroborates previous findings (Manfrin et al., 2001) The unrooted haplotype network was used to define two nested cladistic analyses to investigate geographical structure, one for D. serido clade AB (Fig. 2) and one for clade D (Fig. 3) . Tables 2 and 3 show the results of these analyses, Table 4 indicates the results of the contrast between clades AB and D, the highest level of the analysis, and Table 5 shows the interpretation of significant results obtained, produced by the use of the inference key given in the Appendix of Templeton (1998) .
Detection of restricted gene flow through isolationby-distance in the nested analysis indicates recurrent forces affecting population substructure. Hence, it is the only one for which it is relevant to estimate gene flow indices (Templeton et al., 1995) . Figure 4 shows the graphical representations of the significant results detected in the nested clade analysis. Table 5 shows that four of 16 significant results obtained reveal isolation-by-distance and one indicates that we cannot distinguish isolation-by-distance from past fragmentation because of sparse sampling. One of these results involved localities in Northeastern Brazil with sample sizes too small to enable migration estimates (clade B3-6). Three of these four events (clades B1-1, B2-6, B3-3) relate to the same localities in central Brazil, therefore, only one gene flow estimation was performed.
The two methods used to estimate gene flow between populations in northeast and central Brazil produced contrasting results. An F st -based method produced a high Nm value of 14.53 between some populations in the northeast and in central Brazil. On the other hand, the maximum-likelihood method indicates the value to be considerably smaller, Nm ϭ 2.56, from the northeast to central Brazil, and Nm ϭ 0.00 from central Brazil to the northeast.
DISCUSSION
High levels of population heterogeneity have been detected in D. serido, so much so that analyses from different markers have suggested that it be considered a superspecies (Sene et al., 1982) . Previous mtDNA data (Manfrin et al., 2001) have suggested that the superspecies is monophyletic relative to other species in the D. buzzatii cluster, but composed of two distinct clades. One of these clades, clade D, is restricted to south and central Brazil, while clade AB is distributed in central and northeast Brazil and the Atlantic coast. Our present analysis corroborates these previous findings, indicating two main clades in D. serido.
The nested cladistic analysis of geographical distance (Templeton et al., 1995) evaluates three possible causes of significant association between haplotypes and their geographical distribution: (1) restricted gene flow with isolation by distance; (2) population range expansion; and (3) past fragmentation events. There are two reasons why the null hypothesis of no association fails to be rejected; either the sample size is not large enough to allow detection of existing significant association or the populations under study are panmictic. Because we cannot distinguish between these two   FIG. 3 . The estimated 95% unrooted haplotype network for the mtCOI haplotypes observed in D. serido clade AB. Haplotypes are represented as numbers, and zeros indicate haplotype states that are necessary intermediates between sampled haplotypes, but were not observed in the sample. Each line represents a single mutational step that connects two haplotypes. Arrow indicates that exact branch connection to outgroup D. serido clade AB cannot be resolved by parsimony. The correct location is likely to be within one mutational step of where arrow points. Dotted boxes enclose one-step clades, which are referred to as "1 Ϫ x," where x is the number which identifies the clade. Solid boxes enclose two-step clades ("2 Ϫ x"), whereas dashed boxes separate three-step clades. Note. D C is the average distance in the clade, whereas D N is the average nested clade distance. I-T is the average difference between interior and tip clades. Shaded clades are interior; S and L superscripts indicate that clades have a distribution significantly smaller or larger, respectively, than expected.
137 alternatives with our current data, our inferences will be restricted to the 16 cases in which the null hypothesis of no geographical association was rejected.
The significant result obtained for the contrast between the two groups at the highest levels of nesting, separating D. serido clades AB and D, indicates past fragmentation. This is not surprising, because clade AB is restricted to central and northeastern Brazil, whereas clade D is distributed in central and Southern Brazil. This separation has also been suggested to have happened to plant species that are restricted to xeric regions of the Caatinga and Chaco (Oliveira-Filho and Ratter, 1995; Burnham and Graham, 1999) .
D. serido Type B Evolution
Eight significant cases were detected in the nested analysis of clade AB (Table 5 and Fig. 4 ). Because D. serido has two main branches, individuals on one branch can be used as outgroups to polarize evolution on the other branch. The branch to D. serido D connects somewhere in the clade B4-2, either in clade B3-5 or clade B3-6, allowing us to establish the sequence of events that have happened since the divergence of the two main clades. When trying to establish the sequence of events from a nested analysis, we can only determine that events that happened in a lower level nested clade happened more recently than events detected in a higher nested clade to which this lower clade is connected (e.g., B1-11, B2-4, and B3-3). We cannot determine the relative timing for clades that are not hierarchically related (such as B3-1 and B3-3 in Fig. 4 for instance).
The use of clade D as outgroup indicates that clade B4-2 is the oldest in the clade AB. All individuals in clade B4-2, with the exception of Hap3 that is a D. serido type A, were found in the northeast. This suggests that the origin of the clade AB, which encompasses D. serido types A and B, D. borborema, and D. seriema lies in Northeastern Brazil. This was expected, considering that D. borborema's distribution is restricted to northeastern Brazil and D. seriema is mainly found on the Espinhaço range of mountains (Tidon-Sklorz and Sene, 1995a, b) , which runs from central Brazil to the northeast. A significant vicariance event separating D. serido from east and west of the Espinhaço range of mountains was detected in clade B4-2. Because rooting of clade B4-2 is uncertain (Fig.  4) , we cannot determine which clade is older.
A distinct significant result in clade B4-2 indicates restricted gene flow with isolation by distance in clade B3-6. Though there are only six haplotypes and a small number of individuals observed in this clade, it is noteworthy that all individuals in clade B2-13, which is part of B3-6, belong to D. borborema, indicating at least a small level of mtDNA gene flow across species boundaries.
Most individuals identified as D. serido type B were found on clade B4-1, which includes one D. serido type A and three D. seriema individuals. Two contiguous range expansion events were detected in this clade, both from the northeast into central Brazil. Both events (B3-1 and B3-2) indicate expansions of D. serido type B into isolated cacti in central Brazil. The analysis of mtDNA data per se does not allow us to discriminate whether these significant results were caused by one or two distinct range expansion events. If the original population presents high levels of polymorphism, it is possible that the sampling of ancestral polymorphism by a single range expansion event will generate significant results in more than one nested category (Templeton et al., 1995) . To distinguish between these two possibilities, we should investigate different markers. If only one range expansion has occurred, it is unlikely that distinct markers will also indicate significant results in more than one nested clade.
The nested analysis also indicates a more restricted contiguous range expansion in clade B2-1, which is more restricted geographically and involves different localities than B3-1 and B3-2. Clade B 2-1 is nested in Clade AB B1-1 2-3-4 (no): restricted gene flow with isolation by distance B2-1 2-11-12-13-14 (no): long distance colonization or contiguous range expansion B2-6 2-11-17-4 (no): restricted gene flow with isolation by distance B3-1 2-11-12 (no): contiguous range expansion B3-2 2-11-12 (no): contiguous range expansion B3-3 2-3-4 (no): restricted gene flow with isolation by distance B3-6 2-3-4 (no): restricted gene flow with isolation by distance B4-2 2-11-12 (no): contiguous range expansion Clade D D1-1 2-11-12 (no): contiguous range expansion D2-1 2-3-5-6-7 (yes): restricted gene flow or dispersal with some long distance dispersal D2-2 2-11-17 (no): inconclusive D2-5 2-11-12 (no): contiguous range expansion D2-6 2-11-12-13-14 (no): contiguous range expansion or long distance colonization D3-3 2-11-12 (no): contiguous range expansion D4-1 ϫ D4-2 2-3-5-15-16-18 (yes): past fragmentation or isolation by distance Clades AB ϫ D 2-3-4-9 (no): past fragmentation Note. D C is the average distance in the clade, whereas D N is the average nested clade distance. S and L superscripts indicate that clades have a distribution significantly smaller or larger, respectively, than expected. 139 clade B 3-1 which allows us to establish that this range expansion is more recent than the expansion detected in the B 3-1.
In three clades, B1-1, B2-6, and B3-3, we detected restricted gene flow with isolation by distance. This pattern is generated by recurrent forces that cause tips to be more geographically restricted than interiors, because younger clades are expected to be less widespread than older clades (Castelloe and Templeton, 1994) . All three instances of isolation by distance involve the same populations in Northeast/Midwest Brazil and Central Brazil, which warrants the use of a single estimate of gene flow.
We contrasted two methods to estimate gene flow between populations in Northeast and central Brazil. The cladistic method of Slatkin and Maddison (1989) could not be used because of the number of polytomies in the haplotype network creating many uncertainties when inferring possible migration scenarios. The discrepancy between estimates of gene flow obtained by an F st -based (Nm ϭ 14.53) and a maximum-likelihood method (Nm ϭ 2.56) may stem from the fact that many alleles present in both populations are only one or two mutational steps apart from each other. Hence, F st measures of population substructure will be lower because of shared ancestry, causing levels of gene flow to be overestimated. Furthermore, F st estimates are biased when different migration rates and population sizes exist between localities (Beerli, 1998) . The maximum-likelihood analysis indicates that migration in these regions is unidirectional, from populations in Northeast and Midwest to mountaintops in central Brazil. Because this is a recurrent event, we cannot explain this pattern by a single range expansion event that led to the occupation of mountaintops. Rather, this seems to indicate that these two regions may be functioning similar to a source and sink model, where localities in the mountaintops have high extinction rates, and are continuously colonized by migrants from the source population.
Most of the significant results detected in clade B relate to the colonization of central Brazil by northeastern populations. Two main processes seem to be ongoing: a range expansion (or two) detected in clades B3-1 and B3-2 and an isolation-by-distance with restricted gene flow that apparently pervaded the evolution of clade B, because it is detected at many different levels of the hierarchy. Table 5 . Only significant results are shown. Isolation by distance with restricted gene flow is shown as gradients across the haplotypes' ranges from the center of the range, whereas a gradient toward one end of the haplotype's range indicates direction of a significant range expansion. Dashed lines indicate vicariance events and a ladder represents that the analysis failed to distinguish vicariance from isolation by distance.
FIG. 4. Graphical depiction of significant nested cladistic analysis events presented in
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D. serido Type D Evolution
We found three significant contiguous range expansion events in D. serido D that may represent two events. Some interior populations in southern Brazil were expanding into the Atlantic coast on clades D2-5 and D3-3. Clade D2-6 also relates to the same localities although we cannot distinguish between contiguous range expansion or long distance colonization. Because two of these clades are nested in the other, these results may be a consequence of a single expansion event. This range expansion is interesting because some populations on the coast have been identified as D. serido type A from chromosome inversion and aedeagus morphology analyses (Cansian, 1997) . Further, a hybrid zone between D. serido type D and D. serido type A was detected and individuals with chromosomal inversions limited to each type were observed (Manfrin et al., 2001) . It is not surprising that we detected mtDNA haplotypes from both clades in these populations, although only one of the 12 individuals sequenced had mtDNA belonging to the clade AB. A more detailed analysis is needed before we can determine the effects of selection and migration on this hybrid zone.
The third contiguous range expansion detected involves the colonization of central Brazil from populations further south (Fig. 4.D1-1) . These populations are present in regions with high cacti availability associated with mesophytic forests in the Paraná -Paraguay river basin. In these areas, D. serido have large population sizes and the highest average nucleotide diversity among D. serido type D (data not shown). On the other hand, populations in the northern side of this expansion are smaller, associated with smaller cacti patches, and have the lowest nucleotide diversity (data not shown). This decline in nucleotide diversity is an expected pattern in a range expansion. Two significant results of the nested analysis are inconclusive, most likely due to reduced sample size in the tip clades of clades D2-2 and D2-1. More samples from populations in the Paraná basin are needed in order to elucidate processes involved at this level of the cladogram.
The highest level of nesting in D. serido type D separates populations in the South from populations in central Brazil. The nested analysis cannot discriminate between past fragmentation and restricted gene flow with isolation by distance because we did not sample individuals from populations situated between these two regions. Populations experiencing isolationby-distance may share only part of their haplotypes. Hence, it is possible that in a continuum of populations, each one shares part of its gene pool with neighboring populations. Nonetheless, if samples are taken only from the extremes of their distribution, these samples may indicate that populations do not share any haplotypes, and therefore that there is no gene flow occurring between them. Morphological analysis of aedeagi indicated lack of differentiation between populations in south and central Brazil; further, they suggest existence of a latitudinal cline indicating gene flow along the distribution of D. serido type D (Monteiro, 1997) . It is only by determining whether there are populations of D. serido in the gap of the distribution that we will elucidate the processes affecting these populations.
General Considerations on the Evolution of D. serido
To determine how effective nested cladistic analysis was in detecting range expansion, Templeton (1998) analyzed 13 examples where there was good indication that range expansion had occurred at some clade level in their differentiation. The nested clade analysis correctly identified 12 of the 13 expected cases of range expansion. Yet, even in this data set that was biased to finding clades known to have experienced range expansion, isolation-by-distance was the most common outcome detected by the nested clade analysis. Therefore, it may seem remarkable that contiguous range expansion was the most common outcome of the nested analysis of D. serido, being inferred for six of the 16 significant events detected. Taking into account that in two other cases we cannot discriminate between long distance colonization or range expansion and in another two the outcome is inconclusive (Table 5) , range expansion is a likely explanation for half of all conclusive significant geographical associations found here. Overall, historical events can account for nine of the 14 significant events detected. These results imply that a significant portion of the population substructure detected in D. serido has been shaped by previous historical events, rather than by recurrent forces. We would like to propose that this is expected if we consider the palaeoclimatic cycles and their influence in the distribution of cacti and species associated with them in South America.
Climatic cycles of cold/dry and warm/humid weather are postulated to have happened in South America and elsewhere many times during and before the Quaternary (Bennett, 1990; Haffer, 1997; Petit et al., 1999) . These climatic changes have led to great alterations in the physiognomy of many regions, although the extent of these alterations is still under debate (Haffer, 1997; Colinvaux, 1998; Ledru et al., 1998; Burnham and Graham, 1999) . It is likely that these climatic alterations have promoted repeated waxing and waning of cacti populations in Brazil and elsewhere in South America. Even if cacti were never widespread in central South America, their distribution in the past was probably much broader than it is today. Because D. serido has been associated with these cacti at least since the Pleistocene (Manfrin et al., 2001) , it is likely that this species has experienced similar expansions and contractions in its distribution, consistent with the 141 observation that range expansion was the most common outcome detected in the nested clade analyses.
In a range expansion, it is expected that the expanding populations will carry only a subset of the variation present in the original population. Hence, some younger haplotypes may be geographically widespread and/or distant from their ancestral haplotypes, while the distribution of some interior haplotypes may remain restricted to the ancestral range (Templeton, 1998) . The likelihood of a range expansion being detected is therefore a function of the amount of polymorphism and population structure in the original population and how much is present, or generated, in the expanding population. Because climatic cycles may promote at one time vicariance events and local differentiation in D. serido, and at another time, population expansion and potential hybridization, they are conducive to producing range expansions in the populations involved. Likewise, these cycles are also conducive to promoting introgression of markers that had been previously separated, which may explain the limited cases of lack of concordance between some of the different markers investigated in D. serido (Sene et al., 1982 (Sene et al., , 1988 Tidon-Sklors and Sene, 1995) , because they tend to be found on the extremes of each type's distribution.
Our analyses have confirmed previous observation (Manfrin et al., 2001 ) that often when there is incongruence between mtDNA genealogy and species phylogeny, it happens between individuals from different types that are geographically close. This indicates that mtDNA phylogeny may be in some cases more geographically congruent than phylogenetically congruent. Inasmuch as mtDNA has been shown to introgress in hybrid zones (e.g., Avise, 1994 ) and a small number of viable hybrids have been obtained in laboratory crosses of some of the species of the D. serido superspecies (Bizzo, 1983; Moraes, 1992) , the pattern detected here is not unanticipated. Even though these hybridization events may not have been very common in the evolution of D. serido, they represent a clear manner by which markers may transpose distinct evolutionary units.
F st -based AMOVA have been used in the literature to detect population fragmentation and estimate levels of gene flow. Although this method is more robust than other F st methods because it incorporates the phylogenetic topology into the estimation, it is troubled in two respects. First, unequal exchange of migrants between populations may cause them to be seriously biased (Beerli, 1998) . Second and foremost, in an AMOVA the investigator must provide the population hierarchy a priori. The correct use of AMOVA, hence, requires certain knowledge about the biology of the species that are often times lacking.
The nested cladistic analysis, on the other hand, derives the proper hierarchical testing from the data and provides greater statistical power for detecting geographical associations (Templeton, 1998) . Because the nested analysis is able to discriminate between historical and ecological factors affecting the geographical distribution of a species, it has been suggested that it should be the first step when investigating the evolution of a taxon (Templeton et al., 1995) . The effectiveness of the nested clade analysis in investigating the complex evolutionary history of D. serido indicates that the nested analysis should be the method of choice to disentangle distinct evolutionary forces acting at different hierarchical levels.
